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ABSTRACT This study demonstrates that endogenously
produced interferon g (IFN-g) forms the basis of a tumor
surveillance system that controls development of both chemically
induced and spontaneously arising tumors in mice. Compared
with wild-type mice, mice lacking sensitivity to either IFN-g (i.e.,
IFN-g receptor-deficient mice) or all IFN family members (i.e.,
Stat1-deficient mice) developed tumors more rapidly and with
greater frequency when challenged with different doses of the
chemical carcinogen methylcholanthrene. In addition, IFN-g-
insensitive mice developed tumors more rapidly than wild-type
mice when bred onto a background deficient in the p53 tumor-
suppressor gene. IFN-g-insensitive p532y2 mice also developed
a broader spectrum of tumors compared with mice lacking p53
alone. Using tumor cells derived from methylcholanthrene-
treated IFN-g-insensitive mice, we found IFN-g’s actions to be
mediated at least partly through its direct effects on the tumor
cell leading to enhanced tumor cell immunogenicity. The impor-
tance and generality of this system is evidenced by the finding
that certain types of human tumors become selectively unre-
sponsive to IFN-g. Thus, IFN-g forms the basis of an extrinsic
tumor-suppressor mechanism in immunocompetent hosts.

Interferon g (IFN-g) is a pleiotropic cytokine that plays a central
role in promoting innate and adaptive mechanisms of host
defense (1, 2). It is now well recognized that IFN-g exerts its
biologic effects by interacting with an IFN-g receptor that is
ubiquitously expressed on nearly all cells (3). Functionally active
IFN-g receptors consist of two distinct subunits: a 90-kDa recep-
tor a chain (IFNGR1) and a 62-kDa receptor b chain (IFNGR2).
Recent work from several laboratories has established that most,
if not all, IFN-g responses in cells result from the ligand-induced
coupling of the activated IFN-g receptor complex to particular
components of the JAK-STAT signaling pathway (3–6). IFN-g
signaling requires three specific JAK-STAT pathway compo-
nents: the protein tyrosine kinases Jak1 and Jak2 and the
transcription factor Stat1.

By using mice that lack IFN-g, either of the IFN-g receptor
subunits, or any of the three proximal JAK-STAT signaling
proteins, it has been demonstrated that any event that leads to a
disruption of IFN-g signaling results in a catastrophic ablation of
innate immunity, rendering the host highly susceptible to infec-
tion by a variety of microbial pathogens and certain viruses
(5–10). These findings recently have been generalized to humans
by the discovery of individuals with inactivating mutations in the
IFN-g receptor complex who die early in life from uncontrolled
mycobacterial infections (11–13). Thus, the physiologic role of
IFN-g in promoting host resistance to infectious organisms is
unequivocal.

In contrast, the role that IFN-g plays in the development of
host antitumor responses is less well established. Four years ago,
we defined a novel role for IFN-g in this process by showing that
it functioned to enhance the immunogenicity of certain tumor
cells (14). Using a series of murine fibrosarcoma cell lines that
were engineered to be either sensitive or insensitive to IFN-g,
rejection of transplanted tumor cells was shown to depend on the
endogenous production of IFN-g by the host and the generation
of tumor-specific T cells. More important, this study showed that
the tumor cell itself was the major target of IFN-g’s actions and
that IFN-g functioned in this model to promote the detection
andyor elimination of preformed tumor cells in naive or immune
syngeneic hosts.

Although this study clearly identified a role for IFN-g in
promoting rejection of transplantable tumors, it did not address
the critical question of whether IFN-g also participates in the
development of host responses to nascent transformed cells, i.e.,
whether it is involved in promoting tumor surveillance against
primary tumors. The availability of mice that lack either the
IFN-g receptor a chain (8) or Stat1 (5) and therefore are
insensitive to IFN-g in all tissues has allowed us to study IFN-g’s
participation in controlling tumor formation by using genetic- and
carcinogen-dependent tumorigenesis models. Herein, we report
that lack of IFN-g sensitivity predisposes a murine host to
enhanced tumor development. IFN-g insensitivity at the level of
the developing tumor cell appears to be a key determinant,
dictating whether it forms a progressively growing tumor. In
addition, we report the characterization of human tumors that
naturally have developed inactivating genetic mutations in dif-
ferent IFN-g signaling proteins, rendering them insensitive to
IFN-g. These results thus establish a central role for IFN-g in
tumor surveillance and suggest that certain tumors may lose
IFN-g sensitivity as a mechanism to evade immune detection.

MATERIALS AND METHODS
Reagents. Purified cytokines were obtained as indicated: mu-

rine tumor necrosis factor a (MuTNFa) and murine IFN-g
(MuIFN-g) from Genentech, recombinant human IFN-a
(rHuIFN-aA-D) from Michael Brunda of Hoffman–La Roche,
and murine interleukin 12 (MuIL-12) from Stanley Wolf, Ge-
netics Institute (Cambridge, MA). Recombinant MuIL-1a and
H22, a neutralizing hamster mAb specific for MuIFN-g, were
produced as described (15, 16). The W6y32 mAb specific for
human major histocompatibility complex (MHC) class I was
provided by Thalachallour Mohanakumar (Washington Univ.
School of Medicine). 3-Methylcholanthrene (MCA), peanut oil,
and G418 were purchased from Sigma.
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Mice. 129ySvyEv mice and 129ySvyEv strain IFN-gR2y2 and
Stat12y2 mice were described previously (5, 8). SCID (severe
combined immunodeficient) mice were kindly provided by E. R.
Unanue and H. Virgin (Washington Univ. School of Medicine).
Mice heterozygous for the p53 tumor-suppressor gene (p531y2

mice) bred onto the 129ySvyJ background and mice with a
homozygous deletion of the RAG1 gene were obtained from The
Jackson Laboratory. 129ySvyEv 3 p532y2, IFN-gR2y2 3
p532y2, and Stat12y2 3 p532y2 mice were generated from the
same p531y2 male mouse. Genotyping of mice was performed by
PCR as described previously (19).

MCA Tumor Induction. Groups of mice were injected subcu-
taneously in the flank with MCA diluted in 0.1 ml of peanut oil.
Mice were observed weekly for tumor development over the
course of 130–165 days. Tumors larger than 5 mm and showing
progressive growth were counted as positive.

Tumor Cell Lines. Murine primary MCA-induced tumors were
surgically excised and passaged two times in SCID mice and once
in IFN-gR2y2 mice. The passaged tumors were minced, trypsin-
treated for 5 min at 37°C, and maintained by culture in RPMI
1640 medium supplemented with 10% FCS, 1% glutamine, 1 mM
sodium pyruvate, 10 mM nonessential amino acids, 50 unitsyml
penicillin, 50 mgyml streptomycin, and 5 3 1025 M 2-mercapto-
ethanol (R-10 medium). Human tumor lines, obtained from the
human tumor cell bank at the Ludwig Institute for Cancer
Research, New York Branch, Memorial Sloan–Kettering Cancer
Institute, New York, were maintained by culture in R-10 medium.

Expression Vectors. cDNAs encoding murine Jak1 and Jak2,
kindly provided by S. Nagata (Osaka Bioscience Institute, Osaka)
were cloned into the SRa.EMCV.neo expression vector between
the XhoI and SacI sites. Expression plasmids containing the
cDNAs for human and murine IFN-gR a and b chains have been
described previously (17, 18).

DNA Transfection. Murine tumor cell lines (5 3 106 cells) were
transfected with 25 mg of expression plasmid by electroporation,
selected by culture in G418, and cloned by limiting dilution as
described (17). Human tumors were stably transfected by using an
identical technique.

Analysis of IFN-g Sensitivity by Enhanced MHC Class I
Surface Expression. Responsiveness of human tumor cells to IFN
was assessed after culture of the cells in the presence of buffer,
rHuIFN-g [1,000 international reference units (IRU)yml], or
rHuIFN-aAyD (1,000 unitsyml) for 72 hr followed by quantitation
by fluorescence-activated cell sorter of MHC class I antigen
expression as described previously (17).

Electrophoretic Mobility-Shift Assay. Tumor cells, resus-
pended in 1 ml of PBS containing 10% FCS, were treated with
either PBS or rHuIFN-g (10,000 IRU)yml] for 5 min at 37°C.
DNA-binding activity in 5 mg of nuclear extracts was quantitated
by electrophoretic mobility-shift assay using a 32P-labeled g-IFN
response region probe as described (20).

Proliferation Assays. Tumor cells plated at a density of 1.25 3
104 cells per ml were incubated with different combinations of
IFN-g (5,000 unitsyml), IFN-a (1,000 unitsyml), TNFa (10
ngyml), IL-1 (10 ngyml), and IL-12 (50 unitsyml) for 24 hr.
Proliferation was assessed by thymidine incorporation (15).

RESULTS
Increased Incidence of MCA-Induced Tumors in IFN-g-

Insensitive Mice. Groups of IFN-g receptor a chain knockout
mice (IFN-gR2y2), which were derived on a pure 129ySvyEv
genetic background, as well as wild-type inbred 129ySvyEv
controls were injected subcutaneously with three different doses
of MCA, and tumor development was monitored for a period of
130 days (Fig. 1A). This mouse background was chosen specifi-
cally for these experiments because 129ySvyEv mice are relatively
resistant to the tumorigenic actions of MCA and the pure
background of the mice ensured that we would be able to study
the in vivo growth of the resulting tumors by using tumor

transplantation approaches. At all doses examined, IFN-gR2y2

mice generated tumors more frequently and at earlier times than
the control mice. At the end of the observation period, a high
percentage of IFN-gR2y2 mice treated with 100 and 25 mg MCA
developed tumors whereas only limited or no tumor development
was noted in the corresponding groups of wild-type mice.

To explore the magnitude of increased sensitivity of IFN-g-
unresponsive mice to MCA, the experiment was repeated four
times by using an extended MCA dose range, a longer observa-
tion period (165 versus 130 days), and two different types of

FIG. 1. IFN-g-insensitive mice demonstrate an increased suscep-
tibility to development of spontaneous and chemically induced tumors.
(A) Groups of 15–20 129ySvyEv wild-type mice (Œ) and syngeneic
IFN-gR2y2 mice (F) were injected with a single dose of methylchol-
anthrene, and tumor development was quantitated for 130 days. (B)
Groups of wild-type, IFN-gR2y2, and Stat12y2 mice were injected
with MCA, and tumor development was monitored for 165 days.
Values represent the composite of four independent experiments. (C)
Spontaneous tumor development in IFN-gR2y2 3 p532y2 (F) and
129ySvyEv 3 p532y2 mice (Œ). The difference in average tumor
development times between 129ySvyEv 3 p532y2 (18.5 weeks) and
IFN-gR2y2 3 p532y2 (13.7 weeks) is statistically significant by the
Wilcoxon rank sum test (P 5 0.001).
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IFN-g-insensitive mice: IFN-gR2y2 mice and Stat12y2 mice (Fig.
1B). Similar to the previous experiment, wild-type 129ySvyEv
mice were relatively resistant to MCA. At an MCA dose of 400
mg, 53.4% (93y174) of wild-type mice developed tumors and
tumor induction fell rapidly as the dose of MCA was lowered such
that only 2.4% (1y42) of the wild-type group developed tumors
when challenged with 25 mg MCA. In contrast, IFN-g-
unresponsive mice were significantly more sensitive to tumor
induction by MCA and no differences were noted between mice
that lacked sensitivity to IFN-g alone (IFN-gR2y2 mice) versus
all forms of IFN (Stat12y2 mice). At a dose of 100 mg MCA, 39%
(14y36) of IFN-gR2y2 mice and 50% (10y20) of Stat12y2 mice
developed tumors. More important, 28% (14y50) of IFN-gR2y2

mice and 21% (5y24) of Stat12y2 mice developed tumors when
challenged with 25 mg MCA, and tumor induction was detected
in groups of these mice exposed to even lower doses of carcin-
ogen. A histologic comparison of the tumors that developed in
IFN-g-responsive and IFN-g-unresponsive mice indicated that
MCA induced histologically indistinguishable fibrosarcomas in
the three mouse strains. Thus, these experiments demonstrate
that IFN-g plays a critical role in providing the host with a
mechanism to eliminate chemically induced, nascently trans-
formed cells.

Increased Incidence of p53-Regulated Tumors in IFN-g-
Insensitive Mice. To examine whether IFN-g plays a similar role
in preventing the incidence of spontaneous tumors, we monitored
tumor development in IFN-g-sensitive and IFN-g-insensitive
mice that lacked the p53 tumor-suppressor gene (Fig. 1C).
IFN-g-sensitive, p532y2 3 129ySvyEv mice (n 5 14) formed
tumors with a mean time to tumor detection of 18.5 weeks, a
result that is consistent with published data (19, 21, 22). In
contrast, p532y2 3 IFN-gR2y2 double knockout mice (n 5 31)
formed tumors significantly more rapidly with a mean time until
tumor detection of 13.7 weeks (P , 0.001 as determined by the
Wilcoxon rank sum test). A similar acceleration in time to tumor
development was also observed in p532y2 3 Stat12y2 mice (n 5
13, data not shown).

Single and double knockout mice also displayed differences in
the types of tumors that formed. In agreement with the reports
of others, all of the IFN-g-sensitive p532y2 3 129ySvyEv mice
developed either thymomas or lymphocytic lymphosarcomas,
although one member of this group developed a second nonlym-
phoid tumor. In contrast, 35% of the p532y2 3 IFN-gR2y2 mice
and 38% of the p532y2 3 Stat12y2 mice developed nonlymphoid
tumors that included teratomas, hemangiomas, and chondrosar-
comas without developing lymphoid tumors. Taken together

these results demonstrate that IFN-g plays a central role in
promoting tumor surveillance toward both chemically induced
tumors and tumors that form because of genetic defects in
intrinsic mechanisms of tumor suppression.

Tumors Derived from IFN-g-Insensitive Mice Grow Progres-
sively in IFN-g-Sensitive Hosts. Because IFN-gR2y2 and
Stat12y2 mice are unresponsive to IFN-g in all tissues, the
aforementioned results did not define whether increased tumor
formation was a result of the lack of IFN-g responsiveness by
tumor cells or by host immune cells. If cells of the host immune
system are the major target of IFN-g, then the tumors that
developed in IFN-g-insensitive mice would have been produced
in the absence of a strong antitumor-selective pressure. These
cells therefore would be expected to be highly immunogenic in
wild-type mice and thus should not establish progressively grow-
ing tumors when transplanted into IFN-g-responsive, immuno-
competent animals. Conversely, if insensitivity to IFN-g at the
level of the transformed cell results in tumors that cannot be
recognized andyor eliminated by the immune system, then tumor
cells produced in IFN-gR2y2 mice should grow equally well in
both IFN-g-sensitive and IFN-g-insensitive immunocompetent
hosts.

To distinguish between these two possibilities, tumor cells from
individual MCA-treated IFN-gR2y2 mice (denoted RAD-gR
tumor cell lines) were transplanted into syngeneic wild-type and
IFN-gR2y2 mice and tumor growth was quantitated. Seven
RAD-gR tumor cell lines (RAD-gR.14, 21, 26, 27, 28, 30, and 43)
were studied in detail and were found to grow equally well in
either naive IFN-g-sensitive or IFN-g-insensitive mice when
injected at a dose of 1 3 106 cells per mouse (data not shown).
To rule out the possibility that an inoculum of 1 3 106 RAD-gR
cells was sufficiently large to mask minor tumor growth differ-
ences in IFN-gR2y2 and 129ySvyEv mice, we performed dose-
response experiments on three representative RAD-gR cell lines
(RAD-gR.28, 30, and 43) (Fig. 2). No differences were noted in
the growth kinetics of each tumor line in either the IFN-g-
sensitive or IFN-g-insensitive mouse strains. Thus, IFN-g-
insensitive tumors grow progressively in mice regardless of
whether IFN-g responsiveness is present or absent in the host cell
compartment.

Reconstitution of IFN-g Responsiveness in Tumor Cells De-
rived From IFN-gR2y2 Mice Leads to Tumor Rejection Through
a Process That Requires IFN-g and Adaptive Immunity. To
directly examine whether IFN-g sensitivity at the level of the
tumor was the critical factor determining tumor growth in vivo, we
reconstituted IFN-g responsiveness (as assessed by monitoring

FIG. 2. RAD-gR tumors demonstrate equivalent growth kinetics in IFN-gR2y2 and 129ySvyEv mice. Three representative IFN-gR2y2 tumor
lines were injected subcutaneously into naive IFN-gR2y2 (F) and 129ySvyEv (Œ) mice at the indicated doses. Tumor growth kinetics were monitored
by measuring the diameter of the tumor masses and are represented as an average 6 SE of four to five mice per group.
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IFN-g-dependent enhancement of MHC class I protein expres-
sion) in a representative RAD-gR tumor cell line (RAD-gR.28)
by stably transfecting it with an expression plasmid encoding the
full-length wild-type IFN-gR a chain (to produce the RAD-
gR.28.mgR cell line). As controls RAD-gR.28 cells were stably
transfected with either empty vector (RAD-gR.28.neo) or a
plasmid encoding a functionally inactive IFN-gR a chain intra-
cellular domain truncation mutant (RAD-gR.28.mgR.DIC).
Growth of each transfected tumor cell line then was monitored
in naive IFN-g-sensitive 129ySvyEv mice. Both of the IFN-g-
insensitive tumor cell lines formed progressively growing tumors
in wild-type mice (Fig. 3A). In contrast, the functionally recon-
stituted RAD-gR.28.mgR cell line was rejected in wild-type mice,
initially producing a small cellular mass that was eliminated in
every animal by day 12–15. Importantly, rejection of RAD-
gR.28.mgR cells was inhibited in wild-type mice that had been
pretreated with a neutralizing mAb to IFN-g (H22), indicating
that RAD-gR.28.mgR has the capacity to generate progressively
growing tumors in the absence of IFN-g. Taken together these
results demonstrate that IFN-g sensitivity by the tumor is re-
quired for the development of an efficient antitumor response.

Having identified the tumor cell as the major target of IFN-g’s
actions, we next sought to define the mechanism underlying the
rejection process. IFN-g can induce an antiproliferative state in
many cell types including certain tumor cells. To examine whether
IFN-g’s antiproliferative actions were involved in mediating the
regressive growth phenotype of reconstituted RAD-gR.28.mgR
cells, the proliferation of these cells as well as mock-transfected
RAD-gR.28.neo controls was determined after in vitro treatment
of the cells with high concentrations of IFN-g either alone or in
combination with other cytokines. Although some of the cytokine
combinations resulted in a reduction of tumor cell proliferation,
no substantial differences were noted between IFN-g-sensitive
and IFN-g-insensitive tumor cell lines (Fig. 3B). Thus, whereas
certain cytokines such as IFN-a and TNFa indeed can effect the
growth of these sarcomas in vitro, IFN-g does not.

Therefore we considered the second possibility, that IFN-g
functioned to enhance tumor cell immunogenicity and thereby
promoted development of tumor-specific immune responses. To
test this possibility, we examined whether T cells were required for
rejection of the reconstituted, IFN-g-sensitive RAD-gR.28.mgR
tumor cell line. Whereas the IFN-g-sensitive tumor cells were
rejected in syngeneic wild-type mice, they grew in a progressive
manner in RAG12y2 mice that lack T and B lymphocytes (Fig.
3C). As expected, IFN-g-insensitive RAD-gR.28.neo control
cells grew progressively in both wild-type and RAG12y2 mice,
forming 17-mm tumors after 20 days of in vivo growth (data not
shown). Thus, lymphocytes play an obligate role in controlling the
growth of reconstituted RAD-gR.28.mgR tumor cells in vivo.

Identification of Human Tumor Cells That Lack Sensitivity to
IFN-g. The data obtained from the murine models demonstrate
that endogenously produced IFN-g forms the basis of a tumor
surveillance system in mice that is effective in eliminating na-
scently transformed cells. This observation raises the question of
whether naturally occurring tumors can develop a state of IFN-g
unresponsiveness to escape immune detection andyor elimina-
tion. To investigate this possibility as well as to generalize our
findings to human tumors, we examined IFN-g responsiveness in
a variety of human tumor cell lines. These cells were assayed by
fluorescence-activated cell sorter for their ability to enhance
surface expression of MHC class I and by electrophoretic mo-
bility-shift assay for the capacity to form Stat1-dependent DNA-
binding complexes after treatment with IFN-g. Analysis of 33
melanoma and 17 lung tumor cell lines classified as nonadeno-
carcinoma revealed that approximately 33% of each group
showed a quantitative reduction in IFN-g sensitivity (data not
shown). However, analysis of 17 human lung adenocarcinoma cell
lines revealed that four tumor lines (SK-LC-2, SK-LC-7, SK-LC-
19, and CALU-5) were totally unresponsive to IFN-g either when

FIG. 3. Growth of reconstituted and unreconstituted RAD-gR.28
cells in wild-type and immunodeficient mice. (A) Rejection of reconsti-
tuted RAD-gR.28.mgR in 129ySvyEv mice. IFN-g-insensitive RAD-
gR.neo (Œ) or RAD-gR.mgRDIC (F) tumor cells and IFN-g-sensitive
RAD-gR.28.mgR (■) cells were injected subcutaneously at a dose of 106

cells per animal into 129ySvyEv mice. RAD-gR.28.mgR cells were also
injected subcutaneously into 129ySvyEv mice that had been pretreated on
days 21, 12, and 15 with i.p. injections of 250 mg of a neutralizing mAb
to murine IFN-g (}) or saline (data not shown). (B) RAD-gR.28.mgR is
resistant to the antiproliferative actions of IFN-g. Triplicate cultures of
RAD-gR.28.neo and RAD-gR.28.mgR cells were incubated for 24 hr
with different combinations of IFN-g (5,000 unitsyml), IFN-a (1,000
unitsyml), TNFa (10 ngyml), IL-1 (10 ngyml), and IL-12 (50 unitsyml),
and proliferation was assessed by monitoring 3H-labeled thymidine
incorporation. Values are expressed as the percentage of incorporation
compared with untreated cells. (C) RAG12y2 mice cannot reject recon-
stituted, IFN-g-sensitive RAD-gR.28.mgR cells. RAD-gR.28.mgR cells
were injected subcutaneously at a dose of 106 cells per mouse into either
129ySvyEv (Œ) or RAG12y2 (■) mice. Values represent the average 6
SE tumor diameter of four to five mice per group.
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examined for initiation of IFN-g signaling or development of an
IFN-g biologic response (Table 1).

All of the lung adenocarcinomas also were tested for the ability
to up-regulate MHC class I in response to stimulation with IFN-a.
IFN-a signal transduction shares two intracellular signaling mol-
ecules with IFN-g. Thus, if IFN-g insensitivity were the result of
mutations that randomly occur in multiple signal transduction

pathways, then a similar number of tumors with insensitivity to
IFN-a should be identified. None of the tumors demonstrated a
selective lack of IFN-a sensitivity. However, one tumor
(CALU-5) lacked sensitivity to both IFN-a and IFN-g (Table 1).
Thus, at least certain types of human tumors show a tendency to
develop a selective insensitivity to IFN-g, a phenotype that may
provide the developing tumor with a growth advantage in vivo.

Identification of the IFN-g Signaling Protein Defect in IFN-
g-Insensitive Human Lung Adenocarcinomas. Of note, all of the
tumors that failed to develop a biologic response to IFN-g also
failed to initiate IFN-g signaling. This observation localized the
biochemical lesions present in these tumors to the five proteins
responsible for initiation of IFN-g signaling [i.e., the IFN-g
receptor a and b subunits, Jak1, Jak2, and Stat1 (3)]. By exam-
ining expression of these five signaling proteins in each of the
IFN-g-insensitive tumor cell lines and by stably transfecting each
tumor line with individual expression plasmids encoding these
proteins, we have identified the defective signaling component in
each cell line. SK-LC-7 lacks expression of the IFN-gR a chain
and was reconstituted only after expression of this protein (Fig.
4A). Similarly, SK-LC-2 and SK-LC-19 produce abnormal Jak2
proteins, and their ability to respond to IFN-g could only be
restored after expression of wild-type Jak2 (Fig. 4 B and C). The
fourth IFN-g-insensitive tumor cell line, CALU-5, could not be
transfected. However, Western blot analysis revealed that it lacks
expression of Jak1 (data not shown). The insensitivity of this cell
line to both IFN-g and IFN-a thus is consistent with the absence
of Jak1, one of two JAK-STAT pathway components that are
used in common by both the IFN-g and IFN-a receptor systems.

DISCUSSION
This study shows that IFN-g plays a central role in providing an
immunocompetent host with a mechanism of tumor surveillance.
This system is operative for both chemically induced and spon-
taneously arising tumors. Thus it appears to represent a gener-
alized mechanism for controlling the development of at least
certain primary neoplasms in mice and humans.

Our results indicate that the key target of IFN-g’s actions is the
transformed cell itself and that IFN-g is acting to enhance the
recognition of the transformed cell by the immune system. Our
hypothesis predicts that immune recognition of a transformed cell
that secondarily acquires a defect in the IFN-g signaling pathway
will be decreased. Thus this cell may go undetected in an
immunocompetent host and eventually develop into a progres-
sively growing tumor that may have an extremely aggressive
clinical course. This concept is supported by the finding of
naturally occurring human tumors that have developed a perma-
nent and selective IFN-g insensitivity. Thus identification of

FIG. 4. IFN-g responsiveness can be restored to SK-LC-7 by enforced expression of the IFN-gR a chain and to SK-LC-2 and SK-LC-19 by
expression of Jak2. The ability of cells to enhance expression of MHC class I proteins is measured after 72 hr of incubation with 1,000 IRUyml
of either HuIFN-g (Left) or HuIFN-aAyD (Right) (thick lines) or buffer (thin lines). (A) SK-LC-7 cells transfected with expression plasmids encoding
either the HuIFN-gR a chain (Upper) or HuIFN-gR b chain (Lower). (B) SK-LC-2 cells transfected with plasmids encoding either Jak1 (Upper)
or Jak2 (Lower). (C) SK-LC-19 cells transfected with plasmids encoding Jak1 (Upper) or Jak2 (Lower).

Table 1. Analysis of human lung adenocarcinoma tumor lines for
IFN-g sensitivity

Tumor
line

MHC class I
enhancement, MCS

IFN-g Stat
activation
by EMSA
analysis Cellular defectIFN-g IFN-a

SK-LC-1 16.9 18.7 ND
SK-LC-2 0.0 16.7 2 Inactive Jak2
SK-LC-4 59.5 36.7 1
SK-LC-7 0.0 37.2 2 Lacks IFN-gR a

chain
SK-LC-9 49.3 53.4 1
SK-LC-10 31.7 22.6 ND
SK-LC-11 25.3 13.8 ND
SK-LC-12 30.4 12.7 ND
SK-LC-15 91.3 79.6 1
SK-LC-16 27.0 10.9 1
SK-LC-19 0.0 25.1 2 Abnormal phosphory-

lated Jak2
SK-LC-20 25.6 25.9 1
SK-LU-1 47.1 16.7 1
A457 27.7 27.1 ND
A549 36.9 21.8 ND
CALU-3 30.4 17.0 ND
CALU-5 0.0 0.0 2 Lacks Jak1 protein

Total 4y17 (23.5%) 1y17

Four of 17 human lung adenocarcinoma tumor cell lines examined
lack sensitivity to IFN-g. Human lung adenocarcinoma cell lines were
cultured in the presence of buffer, human IFN-g (1,000 IRUyml), or
human IFN-aAyD (1,000 unitsyml) for 72 hr followed by quantitation
of MHC class I surface expression by flow cytometry by using a murine
polyclonal antibody specific for framework regions of human MHC
class I. Data represent the mean channel shift (MCS) between
stimulated and unstimulated samples. To assess IFN-g-dependent
Stat1 activation, cells were stimulated with either PBS or human IFN-g
and subjected to electrophoretic mobility-shift assay (EMSA) using a
32P-labeled GRR probe. All cell lines were of human origin and
displayed aneuploidy. In addition, SK-LC-1, -2, -7, -10, -12, and -19 and
CALU-5 were tested for expression of the F19 cell surface marker (32)
by using a rosetting assay and were found to be negative, thereby ruling
out the possibility that the cells were of fibroblast origin. ND, not
determined.
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IFN-g-insensitive tumors may have prognostic andyor therapeu-
tic relevance.

The concept that the immune system plays an important role
in the elimination of transformed cells was conceived originally in
1909 by Paul Ehrlich, who suggested that cancer would occur at
high frequency if host defenses did not prevent the outgrowth of
continuously arising transformed cells (23). Almost 50 years later,
this hypothesis was revived by Thomas (24) and further elabo-
rated by Burnet (25), who proposed that T cells would function
as the major effectors in this system. This refinement resulted in
the coining of the term ‘‘immune surveillance’’ (25), which
embodied the concept that the immune system was responsible
for elimination of spontaneously arising tumors. However, the
theory of immune surveillance against tumors of nonviral origin
came under strong attack in the 1970s when Stutman (26, 27)
noted that nude mice, which, at the time, were thought to be
completely devoid of T cells, failed to display increased sensitivity
to tumor induction by chemical carcinogens and did not develop
spontaneous tumors at higher frequency compared with normal
mice.

Recent insights into the nature of tumor antigens and the
mechanisms by which they are recognized by the immune system
have led to a renewed interest in resolving this important issue
(28–31). Based on the extensive amount of information now
available concerning IFN-g biology (1–3), it is known that this
cytokine plays a key role in promoting antigen processing and
presentation via both the MHC class I and class II pathways. Thus
it can be speculated that IFN-g, by inducing in tumor cells specific
cellular proteins involved in antigen processingypresentation,
may force the transformed cell to up-regulate expression of the
appropriate antigenic peptide(s), leading to its recognition and
elimination by the immune system. IFN-g, therefore, plays a
central role in promoting tumor surveillance, and this system may
in fact be the basis of immune surveillance.

Although our data suggest that IFN-g may effect its tumor
surveillance functions through mechanisms involving adaptive
immunity, this mechanism does not preclude other actions of
IFN-g that also could promote destruction of transformed cells.
IFN-g may activate, recruit, or enhance the production of cells
such as NK cells, macrophages, and neutrophils that may promote
innate antitumor responses. Moreover, IFN-g may indeed have
antimetabolic or antiproliferative effects on certain types of
tumor cells. Finally, IFN-g may promote elimination of trans-
formed cells either directly or indirectly through nonimmune
mechanisms such as those involving angiostatic actions that
restrict tumor growth by interfering with the development of a
blood supply to the growing tumor. Thus, although our results
unequivocally demonstrate the existence of an IFN-g tumor
surveillance process, the molecular basis of this system remains to
be elucidated.

The data presented in this report support the concept that
IFN-g’s actions on tumor cells serve an important tumor-
suppressor function. Unlike traditional intrinsic tumor-
suppressor factors, such as p53, which inhibit transformation,
IFN-g works extrinsically together with the adaptive immune
response and potentially with other host effector systems to
control the progression of transformed cells into successfully
established tumors. In sum, our studies add insights into the initial
events of host antitumor responses and emphasize the importance
of IFN-g in providing the naive host with an effective mechanism
of tumor surveillance.
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